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The distribution of ®bronectin (FN) changes rapidly during early development of the cerebral cortex, but its cellular source
is not known. With in situ hybridization we ®nd two spatially and temporally distinct periods of FN mRNA expression
in the embryonic and early postnatal cortex of the mouse. Before and during formation of the preplate by the ®rst postmitotic
neurons, FN mRNA levels are high throughout the telencephalic vesicle, deep in the neuroepithelial proliferative zone
that contains dividing cells and the cell bodies of radial glia; expression in the cortical proliferative zone is limited to the
period of neurogenesis. Just after the cortical plate is formed within the preplate, FN mRNA is expressed in the intermediate
zone, which contains migrating neurons, and in the cortical plate, where neurons migrate past their predecessors to form
layers. Brefeldin A treatment of an organotypic slice preparation demonstrates FN production in the intermediate zone
and cortical plate, in locations that correspond exactly to the distribution of FN mRNA by in situ hybridization. FN-
producing cells immunolabel with neuron-speci®c markers; in the intermediate zone and lower cortical plate they have
morphological features characteristic of migrating neurons and are closely apposed to radial glia. FN mRNA expression
and protein production continue in neurons of the cortical plate through the period of layer formation and then are down-
regulated. Examination of dissociated cortical cells by laser confocal microscopy con®rms that FN accumulation after
brefeldin A treatment is intracellular in neurons as well as in glia. Neuroepithelial expression of FN mRNA takes place
throughout the telencephalon; FN produced by neurons is restricted to cells migrating toward and into speci®c cortical
domains that include neocortex, insular and perirhinal cortex, and subiculum. Thus FN may be involved initially in
supporting the cell division and fate determination that takes place in the neuroepithelium; later production by migrating
neurons may play a role in the selection of radial glial pathways that lead to speci®c cortical regions, and in interactions
between neurons as they form cortical layers within these regions. q 1995 Academic Press, Inc.
INTRODUCTION a pathway containing both ®bronectin (FN) and laminin
(Donovan et al., 1987). Later, ECM components delineate
the migratory path of neural crest cells (Duband and Thiery,Extracellular matrix (ECM) components have important
1987; Rogers et al., 1986; Sternberg and Kimber, 1986) androles throughout embryogenesis, particularly as substrates
may constrain the trajectory of spinal axons (Oakley andfor cell migration and process extension. In the earliest
Tosney, 1991; Snow et al., 1990). The importance of ECMstages of development, primordial germ cells migrate along
in cell migration is underscored by the presence of integrin
receptors on the surface of migrating neural crest cells (Du-
band et al., 1986; Krotoski et al., 1986) and by the ability1 The ®rst two authors contributed equally to this work.
of antibodies to integrins and ECM components to impair2 Present address: Division of Respiratory and Critical Care, De-
neural crest cell migration (Bronner-Fraser et al., 1991).partment of Medicine, Washington University School of Medicine,
Neuronal migration is also impaired by reducing b1 inte-St. Louis, MO 63110.
grins on the cell surface through the introduction of anti-3 Present address: Mayo Clinic Scottsdale, 13400 East Shea Blvd.,
Scottsdale, AZ 85259. sense gene constructs (Galileo et al., 1992). ECM compo-
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nents, including FN and laminin, support neurite out- to detect the accumulated intracellular FN and to label cell-
type-speci®c cytoskeletal elements in the cells that con-growth from a variety of central and peripheral neurons in
tissue culture (Liesi, 1990; Reichardt and Tomaselli, 1991; tained it. We have also applied this technique to conven-
tional dissociated cell cultures from embryonic cortex. ASanes, 1989).
Fibronectin is one of several ECM components that have preliminary report of this work has been presented pre-
viously (Pearlman et al., 1992).been demonstrated immunohistologically in the embryonic
nervous system (for review see Sanes, 1989; Sheppard et al.,
1991). In the developing cerebral cortex, immunoreactivity
for FN is present transiently in a distribution that suggests MATERIALS AND METHODS
roles in both the migration of postmitotic neurons and the
extension of early cortical axons (Chun and Shatz, 1988; In Situ Hybridization
Sheppard et al., 1991; Stewart and Pearlman, 1987). Early
in cortical development, FN is found throughout the telen- Timed pregnancies were produced by matings of C57B1/
6J mice (Jackson Labs, Bar Harbor, ME). Females werecephalic wall (Sheppard et al., 1991; Stallcup et al., 1989),
where it is closely associated with cell bodies in the prolifer- checked for vaginal plugs each morning and the day of con-
ception was designated Embryonic Day 0 (E0). Fetal (E11±ating neuroepithelium and processes of the radial glial cells
(Sheppard et al., 1991). Radial glia serve as guides to the E18) and postnatal (P0±P10) brains were embedded in M1
(Lipshaw, Pittsburgh), frozen in liquid nitrogen, and thensubsequent migration of most neurons into the cortical
plate (Rakic, 1972; Ramon Y Cajal, 1891), although some sectioned with a cryostat, collected on super frost-plus
slides (Fisher), and stored at 0207C until required.appear to follow alternative guidance cues (O'Rourke et al.,
1992; Walsh and Cepko, 1992). As the ®rst postmitotic neu- Probes for hybridization were generated as described pre-
viously (Broekelmann et al., 1991; Prosser et al., 1989). Arons establish the preplate, FN becomes restricted to the
preplate but continues to be located along radial glial pro- partial cDNA for human ®bronectin was subcloned from
the plasmid pFH-6 (Kornblihtt et al., 1985) using HindIIIcesses. When cortical plate neurons migrate into the pre-
plate and divide it into the marginal zone and subplate and XbaI, yielding a 599-bp fragment that was cloned into
Bluescript KS expression vector (Stratagene); the DNA was(Luskin and Shatz, 1985; Marin-Padilla, 1971; Raedler and
Raedler, 1978), FN continues to be most prominent in these puri®ed with Geneclean (Bio 101, La Jolla, CA). The re-
sulting plasmid was linearized with HindIII and transcribedpreplate-derived layers (Chun and Shatz, 1988; Sheppard et
al., 1991; Stewart and Pearlman, 1987). with T7 RNA polymerase to generate the antisense probe
or linearized with XbaI and transcribed with T3 polymeraseThe close association of FN with radial glia and with
preplate/subplate neurons suggests that one or both of these to generate the sense RNA strand. Uridine 5*-[a-33P]-
triphosphate (1000±1500 Ci/mmol; 1 Ci  37 GBq; Amer-cell types may be producing FN during cortical development
(Chun and Shatz, 1988; Sheppard et al., 1991; Stewart and sham) was transcribed into RNA using the Promega Ribo-
probe system II (Promega) with T3 (Stratagene) or T7 (Pro-Pearlman, 1987). This prospect is supported by the observa-
tion that local ablation of the subplate neurons greatly re- mega) RNA polymerase promoters. The resultant probe was
treated with RQ1 RNase-free DNase (Promega M6101) toduces immunolabeling for FN (Chun and Shatz, 1988). How-
ever, tissue culture studies have identi®ed glial cells, rather digest the template and puri®ed with phenol/chloroform,
1:1 (vol/vol), and chloroform extractions were followed bythan neurons, as the source of FN (Gallo and Bertolotto,
1990; Kavinsky and Garber, 1979; Liesi et al., 1986; Price two ethanol precipitations. The probes had 50% incorpo-
ration of [33P]UTP into RNA and speci®c activities of ap-and Hynes, 1985) as well as laminin (Ard and Bunge, 1988;
Liesi et al., 1983). FN mRNA has been demonstrated in proximately 200 Ci/mmol.
The conditions for in situ hybridization have been de-the embryonic brain of rats (Pagani et al., 1991) and chicks
(ffrench-Constant and Hynes, 1989), but these studies have scribed previously (Wright and Snider, 1995). Slides were
brought to room temperature, ®xed for 10 min in 4% para-not provided evidence on the cellular source of FN in the
developing nervous system. formaldehyde in PBS (0.1 M, pH 7.4), rinsed in PBS, incu-
bated for 2±3 min in PBS containing glycine (2 mg/ml),In the present study we used in situ hybridization to de-
termine the spatial and temporal distribution of FN mRNA rinsed in PBS, acetylated with 0.25% acetic anhydride in 0.1
M triethanolamine (pH 8.0, 10 min), and then dehydratedexpression in the developing cerebral cortex of the mouse.
To identify the cellular source of FN, we treated organotypic through graded alcohols, delipidated in chloroform, and air-
dried. Sections were hybridized with [33P]UTP-labeled ribo-slice preparations of developing cortex with brefeldin A,
which reversibly blocks the intracellular translocation and probe (11 106 cpm/slide) diluted in a hybridization mixture
containing 50% deionized formamide, 10% dextran sulfate,secretion of newly synthesized proteins, causing their accu-
mulation in the endoplasmic reticulum (Fujiwara et al., 11 Denhardt's, 41 SSC, 10 mM dithiothreitol, 1 mg/ml
yeast tRNA, and 1 mg/ml denatured salmon sperm DNA.1988; Misumi et al., 1986). The slice preparation preserves
cell±cell and cell±ECM relationships and minimizes the Seventy-®ve microliters of hybridization mixture were ap-
plied per slide, sealed with a coverslip, and hybridized over-time available for possible induction of FN synthesis by
tissue culture conditions. We used immunohistochemistry night at 557C. After removal of coverslips, slides were rinsed
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twice in 41 SSC (30 min, 377C), treated with RNase A (40 bodies to a-internexin (Ab233, undiluted hybridoma super-
natant provided by R. Liem; Kaplan et al., 1990); a mono-mg/ml, 30 min, 377C) in 10 mM Tris (pH 7.4), 0.5 M NaCl,
and 100 mM EDTA, and then rinsed at 377C in 21 SSC (2 clonal antibody to neurotubulin (TuJ1, 1:1000, provided by
A. Frankfurter; Lee et al., 1990); and a monoclonal antibody1 20 min), 0.51 SSC (2 1 20 min), and 0.11 SSC (30 min;
557C). to microtubule-associated protein MAP2 (1:1000; Amer-
sham). Secondary antibodies (Jackson Immunoresearch) in-Sections were dipped brie¯y in distilled water (30 sec),
dehydrated through graded alcohols, and then air-dried and cluded TRITC-conjugated donkey anti-rabbit IgG (1:200),
Texas-red conjugated donkey anti-rabbit IgG (1:100), CY-3-exposed to BioMax MR ®lm (Kodak) for 3 days to produce
®lm autoradiograms. Slides were then dipped in Kodak conjugated donkey anti-rabbit IgG (1:1800), FITC-conju-
gated rabbit anti-mouse IgG (1:200), and FITC-conjugatedNBT-2 emulsion, stored in desiccated light-tight boxes at
47C for 10±15 days, developed in Kodak D19, ®xed, rinsed, goat anti-mouse IgG (1:200).
Cell cultures and organotypic slices were ®xed in 2%counterstained with hematoxylin and eosin, coverslipped,
and then viewed and photographed with dark-®eld and paraformaldehyde in PBS (pH 7.4, 6 min at 377C). Slices
were rinsed in PBS, immersed in 30% sucrose overnight atbright-®eld illumination (Nikon Labophot).
47C, embedded in M1 (Lipshaw), and frozen in liquid nitro-
gen. Cryostat sections were cut at 18 mm and collected onBrefeldin A Treatment of Organotypic Slice gelatin-coated slides. Sections and cultures were rinsed
with PBS, permeabilized with methyl alcohol (5 min,Embryonic brains were removed from the heads in chilled
arti®cial cerebral spinal ¯uid (47C) and then embedded in 0707C), rinsed, blocked with ®sh gelatin (2% in PBS, 60
min; Sigma Chemical), incubated with primary antibodieslow-melting point agarose (Sigma) and sliced (200±220 mm)
on a Vibroslice (Campden Instruments) modi®ed to main- for 1±2 hr at 257C or overnight at 47C, rinsed in PBS, and
incubated with secondary antibody for 1 hr at 257C. Bothtain sterility and keep the tissue near 47C. Individual coro-
nal slices were placed on a transparent porous membrane primary and secondary antibodies were diluted with 2%
®sh gelatin in PBS. Sections and cultures were coverslipped(Stoppini et al., 1991) in a sterile petri dish containing se-
rum-free de®ned medium (Annis et al., 1990) for 1 hr in 5% in 0.01% p-phenylenediamine (Sigma) in glycerin (Johnson
and Nogueira-Araujo, 1981) or Vectashield (Vector Labs,CO2 at 377C and then treated with brefeldin A (5 mg/ml) for
90 min prior to ®xation. Control slices were either un- Burlingame, CA) and sealed with nail polish.
Immunolabeled material was viewed with epi¯uores-treated or treated with diluent only.
cence (Nikon Labophot) or laser confocal (Bio-Rad) micros-
copy. The positions of FN-containing cells in sections of
Brefeldin A Treatment of Cultures brefeldin A-treated slices were plotted on an epi¯uores-
cence microscope equipped with digital devices to recordThe meninges were removed from the cerebral hemi-
spheres of embryonic mice (E13), and the cortical wall was stage coordinates (MDPLOT, Minnesota Datametrics). Se-
lected photographic images of in situ hybridization and im-dissociated by trituration (Culican et al., 1990). Dissociated
cells were plated (200±300 cells/mm2) on poly-L-lysine munolabeled material were digitized (Kodak Master Photo
CD). Image sizing, cropping, contrast adjustment, assemblycoated glass coverslips in 24-well plates or microwell dishes
(Edmondson and Hatten, 1987) and grown in Earle's MEM into ®gures, and ®gure labeling were carried out with image
processing software (Adobe Photoshop, v3.0, running on ansupplemented with glucose, 10% NuSerum (Collaborative
Res.), and L-glutamine at 357C in 5% CO2. After 2 days in Apple Macintosh 7100 computer).
vitro the medium was replaced with fresh medium con-
taining brefeldin A (5 mg/ml; Epicenter Technologies) and
the cultures were returned to the incubator for 6 hr prior RESULTS
to ®xation. Control wells were either untreated or treated
with diluent only. In Situ Hybridization
Ventricular and preplate zone stages. We began our
Immunohistochemistry analysis of FN production on Embryonic Day 11 (E11), just
prior to the formation of the preplate by the ®rst postmitoticThe following primary antibodies were used to label cul-
tures or sectioned slices: af®nity-puri®ed polyclonal anti- neurons. At this stage, the expanding wall of the telence-
phalic vesicle is composed of a rapidly proliferating pseudo-sera (rabbit) to human FN (abFN; Villiger et al., 1981, 1:600
and Collaborative Research, 1:100); monoclonal antibodies strati®ed columnar epithelium. Our earlier studies (Shep-
pard et al., 1991; Stewart and Pearlman, 1987) have shownRC1 and RC2 to cytoskeletal elements of radial glia (undi-
luted supernatant, provided by M. Yamamoto; Edwards et that immunolabeling for FN is present throughout the cere-
bral wall at this stage, primarily as punctate aggregates sur-al., 1990; Misson et al., 1988a); monoclonal antibodies to
neuro®lament proteins, RMO-108 (abNF, 1:4, provided by rounding cell bodies in the lower third of the neuroepithel-
ium and along the processes of radial glia. The ®rst stepV. Lee; Lee et al., 1987) and RT97 (1:1000, provided by Dr.
John Wood; Wood and Anderton, 1981); monoclonal anti- toward cortical lamination occurs when a cohort of neurons
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completes mitosis and leaves the ventricular zone to estab- differentiate into mature neurons (Bayer and Altman, 1991;
Caviness, 1982); with continued maturation, FN mRNAlish the preplate (Rickmann et al., 1977) or primordial plexi-
form layer (Marin-Padilla, 1971) just beneath the pia (E12± expression gradually declines. By Postnatal Day 4 (P4) it has
declined appreciably in the lower part of layer 5 and to aE13; Fig. 1D). Very soon after these cells form the preplate
they exhibit immunoreactivity for neuro®laments and lesser extent in the remaining dense cortical plate which
will form layers 2/3 and 4 (Fig. 1K). The cells in the upperMAP2 within their cell bodies and processes (not illus-
trated), con®rming their neuronal identity (Chun and Shatz, aspect of layer 5 are an exception to the rule of gradual
decrease in FN mRNA expression with maturation. They1989). The emergence of the preplate is accompanied by a
shift in the distribution of immunoreactivity for FN, which continue to express high levels of message when expression
in the less mature cells above them is declining (Fig. 1K).declines in the ventricular zone but is prominent along ra-
dial glial processes within the preplate (Sheppard et al., By P10 message levels are very low throughout the cortex
except in association with the cells of the blood vessels and1991; Stewart and Pearlman, 1987).
Signi®cant levels of mRNA for FN are evident in the pia (not illustrated).
ventricular zone by in situ hybridization with an antisense
riboprobe (Figs. 1A, 1B, and 1C) at ventricular zone and Distribution of FN-Producing Cells in anpreplate stages. Hybridization is most prominent in the
Organotypic Slice Preparationlower third of the proliferative epithelium (Figs. 1B and 1C),
in the region near the ventricle that includes the cell bodies The distribution of both FN immunoreactivity (Sheppard
et al., 1991; Stallcup et al., 1989) and FN mRNA duringof radial glia (Misson et al., 1988b) and dividing progenitor
cells; it is not evident in the preplate. At all of the stages early cortical development (present study) suggests that
cells of the neuroepithelium, which include radial glia andexamined, FN mRNA levels are high in the pia-arachnoid
covering the cortex (Figs. 1A±1C, 1E, 1G, 1I, and 1K) and dividing progenitor cells, produce FN initially. The in situ
hybridization data also indicate that cells in the intermedi-in association with cortical blood vessels (Fig. 1I).
Early cortical plate stage. As the next step in cortical ate zone and cortical plate, which are predominantly neu-
rons, produce FN at later stages. Although in situ hybridiza-development, newly generated neurons invade the preplate
to form the cortical plate, splitting the preplate cells into tion has localized FN mRNA to particular layers, the resolu-
tion of this method has not allowed for cellular localizationtwo layers (Bayer and Altman, 1991; Luskin and Shatz,
1985; Marin-Padilla, 1971; Raedler and Raedler, 1978; Wood in these relatively small cells. To extend the analysis of the
cellular sources of FN in early cortical development, weet al., 1992), the marginal zone above and the subplate be-
low (Fig. 1H). Immunolabeling for FN is most prominent produced organotypic slices of developing cortex at several
ages between E13 and P4 and then treated the slices withalong radial glia in the subplate and, to a lesser extent, in the
marginal zone (Sheppard et al., 1991; Stewart and Pearlman, brefeldin A (5 mg/ml; 90 min), which causes accumulation
of newly formed proteins in the endoplasmic reticulum (Fuj-1987).
The ®rst expression of ®bronectin mRNA outside of the iwara et al., 1988; Misumi et al., 1986). Slices were ®xed,
sectioned, and then double-labeled with one of two antiseraventricular zone occurs in the lateral aspect of the hemi-
sphere (Figs. 1E and 1G), which is more mature than the to FN and cell-type-speci®c monoclonal antibodies to iden-
tify the cells producing FN. Data obtained with the twodorsal aspect as a consequence of the pronounced ventrolat-
eral to dorsomedial developmental gradient (Bayer and Alt- antisera to FN have been combined since the patterns of
immunoreactivity are identical. Sections were traced andman, 1991; Smart and Smart, 1982). In the lateral hemi-
sphere, FN mRNA levels are very high in the intermediate the position of each labeled cell was plotted at high magni-
®cation on an epi¯uorescence microscope equipped withzone and upper cortical plate (Figs. 1E and 1G). The interme-
diate zone contains neurons migrating toward the cortical digital devices to record stage coordinates (see Materials and
Methods).plate, while the top of the cortical plate contains neurons
that have migrated past those that arrived earlier (Angevine Soon after the cortical plate forms (E15), many cells that
contain FN immunoreactivity in vesicle-like structures ad-and Sidman, 1961). In the younger, dorsal aspect of the
hemisphere it is apparent that message levels are not above jacent to the nucleus are evident in the intermediate zone
and cortical plate (Fig. 2E). A plot of the distribution ofbackground in the early arriving neurons of the cortical
plate that will form layer 6 (Fig. 1E) or in the preplate- cells containing FN after brefeldin A treatment (Fig. 2B)
demonstrates that they are in the intermediate zone andderived neurons of the marginal zone and subplate (Fig. 1G).
Probe speci®city is demonstrated by comparison with an cortical plate in the lateral aspect of the hemisphere at E15.
Their distribution corresponds very closely to the distribu-adjacent section incubated simultaneously with a sense
probe (Fig. 1F). tion of FN mRNA by in situ hybridization in a section from
a littermate at the same level (Fig. 2A). Similarly, at a laterLate cortical plate stage and early cortical differentia-
tion. Expression of FN mRNA becomes widespread in the stage (E18), when FN mRNA is prominent throughout most
of the cortical plate (Fig. 2C), FN-containing cells are alsocortical plate as newly generated neurons continue to arrive
from the intermediate zone (Figs. 1I and 2C). As this process present throughout the cortical plate after brefeldin A treat-
ment in the slice preparation (Fig. 2D). Two ages (E15 andcontinues, older cells at the bottom of the cortical plate
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FIG. 1. Expression of FN mRNA is stage-speci®c in early cortical development. Dark-®eld photomicrographs (A, B, C, E, F, G, I, K)
demonstrate the distribution of FN mRNA by in situ hybridization in coronal sections; bright-®eld images (D, H, J, L) of the same ®elds
counterstained with hematoxylin and eosin show the cortical layers. FN mRNA levels are high in the pia-arachnoid covering the cortex
at all stages. E13, preplate stage. (A) Low-power view of the forebrain, showing hybridization in the ventricular zone surrounding the
lateral ventricle; box indicates the region of an adjacent section shown at higher magni®cation in B, demonstrating hybridization in the
lower half of the ventricular zone (vz) adjacent to the lateral ventricle (v). The region between the white arrowheads in B is shown at
higher magni®cation in C and D. Hybridization in the preplate zone (ppz) is not above background. E15, early cortical plate stage. (E)
Intense hybridization is evident laterally in the intermediate zone (iz; right arrowhead) and upper cortical plate (cp; left arrowhead); FN
mRNA has declined in the ventricular zone. Hybridization is not above background in the less mature cortical plate dorsally, seen in the
upper part of E and in Fig. 2A. The region between the arrowheads is shown at higher magni®cation in G and H. Patchy hybridization in
the lower cortical plate is probably in cells migrating past earlier generated cortical plate neurons (see text and Fig. 2). (F) Control;
hybridization with a sense probe on a section adjacent to that shown in E. E18, late cortical plate stage. (I, J) FN mRNA expression is
high throughout the dense cortical plate and remains low in the marginal zone and subplate. Dense silver grains are evident in association
with the cells of a cortical blood vessel (bv). P4, cortical differentiation. (K, L) FN mRNA has declined in the remaining dense cortical
plate, which will form layers 2/3 and 4; it remains high in the upper part of layer 5 and is not above background in the remainder of layer
5 or in layer 6. Scale bar, 500 mm in A; 200 mm in E; 100 mm in B, C, H, J, and L.
509Fibronectin Production in Embryonic Cortex
FI
G
.2
.
D
is
tr
ib
u
ti
on
an
d
id
en
ti
®
ca
ti
on
of
FN
-p
ro
du
ci
n
g
ce
ll
s
in
or
ga
n
ot
yp
ic
sl
ic
es
of
de
ve
lo
pi
n
g
co
rt
ex
.T
h
e
di
st
ri
bu
ti
on
of
FN
m
R
N
A
,d
em
on
st
ra
-
bl
e
by
in
si
tu
h
yb
ri
di
za
ti
on
(A
,C
)o
n
se
ct
io
n
s,
is
n
ea
rl
y
id
en
ti
ca
l
to
th
e
pl
ot
te
d
di
st
ri
bu
ti
on
s
(B
,D
)o
f
ce
ll
s
co
n
ta
in
in
g
in
tr
ac
el
lu
la
r
ac
cu
m
u
la
ti
on
s
im
m
u
n
ol
ab
el
ed
fo
r
FN
af
te
r
br
ef
el
di
n
A
tr
ea
tm
en
t
of
an
or
ga
n
ot
yp
ic
sl
ic
e
pr
ep
ar
ed
fr
om
a
li
tt
er
m
at
e.
(E
15
)
N
ot
e
th
e
co
ll
ec
ti
on
of
FN
-c
on
ta
in
in
g
ce
ll
s
in
th
e
in
te
rm
ed
ia
te
zo
n
e
(B
,
ri
gh
t
ar
ro
w
h
ea
d)
an
d
u
pp
er
co
rt
ic
al
pl
at
e
(B
,
le
ft
ar
ro
w
h
ea
d)
,
co
rr
es
po
n
di
n
g
to
FN
m
R
N
A
in
si
m
il
ar
lo
ca
ti
on
s
Copyright q 1995 by Academic Press, Inc. All rights of reproduction in any form reserved.
/ m4070$8034 10-28-95 03:18:49 dba Dev Bio
510 Sheppard et al.
E18) are shown as examples; a similar correspondence of cle and their long radial processes extend to the pial surface.
Since the cortical surface becomes much larger than theFN mRNA and FN-containing cells is also apparent at P0
and P4. Although FN mRNA and FN-containing cells after ventricle, radial glia that extend to the pial surface of the
lateral wall of the hemisphere follow a long ventrolateralbrefeldin A treatment colocalize in the intermediate zone
and cortical plate, FN is not evident by immunolabeling in course through the intermediate zone to the subplate and
then turn to extend radially through the cortical plate tothese regions (Chun and Shatz, 1988; Sheppard et al., 1991;
Stewart and Pearlman, 1987), suggesting that it does not the pia (Figs. 3B and 3C; Edwards et al., 1990; Misson et
al., 1988a). FN-producing neurons in the lateral cortical wallaccumulate to detectable levels (see Discussion).
have a similar ventrolateral course in the intermediate zone
and then are aligned perpendicular to the pial surface with
Identi®cation of FN-Producing Cells in the Slice the same trajectory as radial glia (compare Figs. 3A and
Preparation 3C, arrowheads). Note that there is a sharp demarcation
between the perirhinal cortex, which receives FN-producingTo determine the identity of the cells in the intermediate
zone and cortical plate that contain FN after treatment of migrating neurons from the intermediate zone, and the piri-
form (olfactory) cortex just ventral to it, which receivesthe slice preparation with brefeldin A, we double-immuno-
labeled sections with the antisera against FN and cell-type- migrating neurons that are not producing FN. Fibronectin
is not evident in the cells of either the intermediate zonespeci®c antibodies. In both the intermediate zone and the
cortical plate, FN-producing cells are immunolabeled with or the cortical plate in an adjacent control slice that did not
receive brefeldin A (Fig. 3A, control).TUJ-1 (Figs. 2E and 2F), a monoclonal antibody to a neuron-
speci®c b-tubulin isoform that appears very soon after the At early stages (E13), when FN mRNA is prominent in
the lower half of the ventricular zone, intracellular accumu-®nal mitotic division (Lee et al., 1990). In the upper cortical
plate they are also labeled with the MAP2 monoclonal anti- lations of FN immunolabeling are not readily apparent after
brefeldin A treatment of the slice preparation. Although thebody (not illustrated) which labels more mature neurons
and their dendrites (Crandall et al., 1986). Virtually all FN- FN immunolabeling that is present in this region (Sheppard
et al., 1991; Stallcup et al., 1989) in the absence of brefeldinproducing cells in the intermediate zone and lower cortical
plate are immunolabeled with TUJ-1 and have the morpho- A treatment may make it dif®cult to determine whether
there is additional intracellular immunoreactivity for FNlogical features of migrating neurons (Gregory et al., 1988;
Rakic, 1972) including an elongated cell body, a leading after brefeldin A treatment, it is also possible that FN may
be produced more slowly in the ventricular zone or may beprocess, and a caudally placed nucleus (Fig. 2G). FN-produc-
ing cells with these morphological features can frequently secreted by a brefeldin-insensitive pathway (see Discus-
sion).be seen in close apposition to radial glial processes (Fig. 2G)
when the plane of section is appropriate for demonstrating
long stretches of these processes. None of the cells in the Identi®cation of FN-Producing Cells in Dissociatedintermediate zone and cortical plate that contain FN after
Cell Culturesbrefeldin A treatment are immunolabeled with the glial
markers RC1 or RC2. Since prior reports have shown that FN is produced by
glial cells in culture but not by neurons, we treated dissoci-A comparison of the trajectory of radial glia with the
distribution of FN-producing neurons in the lateral cortex ated cell cultures with brefeldin A, then double-labeled with
antisera to FN and monoclonal antibodies to cell-type-spe-(where FN mRNA and FN-producing cells are ®rst observed
outside the ventricular zone at E14±E15; Figs. 1D, 2A, and ci®c markers. Glia were identi®ed by immunolabeling with
the RC1 antibody (Edwards et al., 1990). RC1-positive cells2B) provides additional evidence that these cells are migrat-
ing. The cell bodies of radial glia are near the lateral ventri- in culture are predominantly glia since most express glial
(arrowheads, A). Migrating cells in the lateral aspect of the hemisphere have traversed long, curving radial glial processes whose cell
bodies are near the ventricle (v). (E18) FN-containing cells are present throughout the cortical plate after brefeldin A treatment (D), but
are most numerous in the lateral aspect of the hemisphere (arrowhead), corresponding to the expression of FN mRNA throughout the
cortical plate (C) that is highest in the same area (arrowhead). There is also a high level of expression in the forming subiculum (arrow).
(E, F, G, H) Laser confocal micrographs of double-immunolabeled cells. (E) Three cells near the top of the cortical plate at E17 contain
numerous intracellular accumulations immunolabeled for FN (red) after brefeldin A treatment in the slice. Asterisks indicate the approxi-
mate center of the nucleus in each cell. (F) Immunolabeling for TUJ-1 (green) demonstrates that the FN-containing cells are neurons.
Asterisks are in the same locations as in E. (G) A double-labeled confocal image demonstrates that cells in the middle of the cortical plate
at E17 that contain FN immunolabeling (red) are closely apposed to RC-2 labeled (green) radial glia and have the morphology of migrating
neurons (see text). (H) Brefeldin A-treated, primary culture of cerebral cortex dissociated at E14, 2 days in vitro. A double-labeled, laser
confocal optical section approximately midway between the upper and the lower surfaces of a cell demonstrates intracellular accumulations
immunolabeled with an antibody to FN (red) and antibody-labeled neuro®laments (green). Scale bars, 1 mm in B and D; 5 mm in E for
E±H.
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FIG. 3. FN-producing cells and radial glial processes have the same trajectory through the intermediate zone and cortical plate. (A) In
the lateral aspect of the cortical wall, cells containing FN after brefeldin treatment in the organotypic slice are evident in the intermediate
zone and cortical plate (small arrowheads). This montage is taken from the lateral area that demonstrates high levels of FN mRNA by in
situ hybridization (see Figs. 1E and 2A); lateral is to the left and dorsal is up. Solid arrows in this ®gure correspond to the locations
indicated by black arrowheads in Figs. 2A and 2B. A sharp demarcation between areas containing FN-producing cells and those that do
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®brillary acidic protein (GFAP) after a few days (Culican et and postnatal ages (daily from E13 to E18, P0, and P4) and
treated with brefeldin A. Sections from each slice were im-al., 1990). Although most of the RC1-positive cells in corti-
cal cultures eventually develop immunoreactivity for GFAP munolabeled for FN and in most cases double-labeled with
the TUJ-1 or MAP-2 antibodies to delineate cortical land-(Culican et al., 1990), the prospect remains that some are
undifferentiated precursor cells (see Discussion). Neurons marks and then traced to determine the positions of FN-
producing cells throughout the hemisphere. A series of trac-in the cultures were identi®ed by immunolabeling with
antibodies to neuro®lament proteins (Lee et al., 1987; Wood ings from three coronal slices at E18 demonstrates that FN-
producing cells are present throughout the cortical plate ofand Anderton, 1981).
Double labeling of cells in culture after treatment with neocortex, perirhinal and insular cortex, and subiculum at
all anteroposterior levels examined (Fig. 4, left; summarizedbrefeldin A demonstrates accumulation of FN in neuro®l-
ament-containing neurons (Fig. 2H), as well as in RC1-posi- diagrammatically in Fig. 4, right). There are no distinctions
apparent within neocortex that correspond to future cytoar-tive cells with glial morphology (not illustrated). A laser-
confocal optical section midway between the upper and chitectonic areas.
lower surface of a cultured neuron con®rms the intracellu-
lar location of the FN accumulations (Fig. 2H).
DISCUSSION
FN mRNA Expression and FN-Producing Neurons
Our in situ hybridization analysis has demonstrated twoAre Restricted to Speci®c Cortical Domains
distinct phases of FN production during early cortical devel-
opment, each involving different stages of cortical develop-In the lateral aspect of the telencephalic wall, which con-
tains the lateral neocortex as well as the insular cortex ante- ment. The ®rst phase takes place throughout the telence-
phalic vesicle in the proliferative neuroepithelium of theriorly and the perirhinal cortex posteriorly (Paxinos et al.,
1991), both the level of FN mRNA and the density of FN- ventricular zone. Fibronectin mRNA expression (present
study) and immunolabeling for FN (Sheppard et al., 1991;producing neurons is high (Figs. 2A±2D and 3A). The distri-
bution of both FN mRNA and FN-producing neurons ends Stallcup et al., 1989) are most prominent in the lower half
of the ventricular zone, which contains dividing neuroepi-abruptly at the lateral margin of the insular and perirhinal
cortex. Neither FN mRNA nor FN-producing cells are evi- thelial cells and the cell bodies of radial glia. Fibronectin
production begins in the ventricular zone prior to formationdent in the adjacent piriform cortex or in other forebrain
structures including the claustrum, basal forebrain, and cau- of the preplate; FN mRNA levels decline gradually after
preplate formation, but remain signi®cant throughout mostdate-putamen. Medially, the distribution of FN mRNA and
FN-producing neurons ends at the junction of neocortex and of the period of neurogenesis. Neither the preplate and its
derivatives, the subplate and marginal zone, nor the ®rstcingulate cortex anteriorly and the junction of neocortex
and retrosplenial cortex posteriorly. Thus FN mRNA and set of neurons to form the cortical plate within the preplate
demonstrate signi®cant FN mRNA levels or protein produc-FN-producing neurons are con®ned to the neocortex and
the closely related insular and perirhinal cortices, but are tion by the brefeldin-treated slice assay.
The second stage of FN production begins soon after corti-not found in piriform (olfactory) or retrosplenial (limbic)
cortices or in the hippocampus. There is, however, a high cal plate formation, when message levels for FN become
high in the intermediate zone of lateral cortex and in thelevel of FN mRNA expression in the subiculum (Fig. 2C,
arrow) and a corresponding group of FN-containing cells in upper cortical plate. The intermediate zone contains mi-
grating neurons that apparently pause for variable periodsthe same region after brefeldin A treatment (Fig. 2D).
To determine whether there are differences in the distri- below the subplate before passing through the lower cortical
plate to reach their destination in the upper cortical platebution of FN-producing neurons within the neocortex that
might correspond to emerging cytoarchitectonic areas, se- (Bayer and Altman, 1991). Fibronectin-containing neurons
are evident in the same locations after brefeldin A treatmentrial slices were prepared from brains at several embryonic
not is seen at the lower aspect of the montage (open arrows); it corresponds to a similar sharp demarcation in FN mRNA expression and
is also evident in plots of FN-producing cells (see Figs. 1E, 2A, and 2B). The individual FN-immunolabeled intracellular accumulations
evident at high magni®cation in the leading pole of cells with migratory pro®les (see Figs. 2E and 2G) appear as a fused group in this
relatively low-power micrograph. Many positive cells are evident in the intermediate zone (iz) and cortical plate (cp). Several are indicated
by white arrowheads; they are oriented ventrolaterally in the intermediate zone and perpendicular to the pial surface in the cortical plate.
A matching segment of an adjacent control slice that was not treated with brefeldin A is shown at the top. (B) Radial glia, immunolabeled
with the RC2 antibody, have their cell bodies near the ventricle (V); their long processes extend ventrolaterally and then turn in the
subplate to extend through the cortical plate perpendicular to the pial surface. The white outline indicates the area shown at higher
magni®cation in C, which demonstrates the change in direction for RC2-labeled radial glial processes (arrowheads) that occurs at the
subplate. Asterisks show approximately the same point in A, B, and C. Scale bars, 100 mm in A and B, 50 mm in C.
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FIG. 4. Distribution of FN-producing cells demarcates speci®c cortical domains, but not cytoarchitectonic areas within neocortex. (Left)
Serial coronal slices of the embryonic (E18) telencephalon were treated with brefeldin A; sections immunolabeled for FN were traced and
the position of each labeled cell plotted. Each black dot represents one cell. Three tracings are illustrated: (A) the frontal aspect of the
hemisphere, near the anterior pole; (B) approximately midway between the anterior and posterior poles; and (C) approximately midway
between B and the posterior pole. Note that FN-producing cells are limited to the cortex between the arrowheads, which includes neocortex
and insular and piriform cortices, and to the subiculum (arrows). There are no distinctions apparent between prospective neocortical areas.
Scale bar, 1 mm. (Right) Diagram of cortical domains receiving FN-producing neurons. In this diagram of a coronal section of the
telencephalon at E18, which corresponds approximately to the sections shown in Figs. 2C and 2D, the lightly shaded regions receive FN-
producing migrating neurons and have high levels of FN mRNA by in situ hybridization. Abbreviations: DG, dentate gyrus; Hi, hippocam-
pus; Neo, neocortex; Pir, piriform cortex; PRh, perirhinal cortex; Rs, retrosplenial cortex; Sub, subiculum; V, lateral ventricle. Adapted
from Paxinos et al., 1991.
of cortical slices. High FN mRNA levels and FN-producing developing cerebral cortex. It has been helpful in suggesting
which cells produce FN based on their location, but hascells remain prominent in the cortical plate until neurons
not provided a precise determination because of its limitedundergo the maturational processes that accompany the for-
spatial resolution. We therefore turned to in vitro methodsmation of cortical layers. In contrast to the ®rst phase of FN
to aid in the de®nition of FN-producing cells and to con®rmproduction, which takes place throughout the proliferative
that expression of message and production of protein coin-neuroepithelium of the telencephalic vesicle, the second
cide.phase is restricted to particular cortical domains. These in-
Three criteria must be met to establish the cellular sourceclude the neocortex and closely related insular and perirhi-
of FN by in vitro methods: (1) the identity of the producingnal cortices and the subiculum. Neither FN mRNA nor
cell must be unequivocally demonstrable, (2) the intracellu-immunolabeling for FN is evident in other cortical regions,
lar FN must be the product of biosynthesis and not theincluding the piriform (olfactory) cortex, the retrosplenial
result of internalization of cell surface or extracellular FNcortex, and the hippocampus or in other telencephalic struc-
(Avnur and Geiger, 1981), and (3) the synthesis must betures including the caudate-putamen and the basal fore-
indicative of a normal in vivo process and not an in vitrobrain.
artifact. In the present study, we used antibodies to cell-
type-speci®c cytoskeletal proteins to identify FN-producingProduction of FN in the Organotypic Slice neurons and glia, and two different antisera, one af®nity-
Preparation puri®ed against FN (Villiger et al., 1981), to identify FN.
In situ hybridization provided useful information regard- We con®rmed the intracellular location of FN accumula-
tions with the laser confocal microscope. These accumula-ing the localization and timing of FN mRNA expression in
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tions are only evident after treatment of slices or dissociated chemistry as punctate deposits between cell bodies and
along radial processes (Sheppard et al., 1991). It is probablecultures with brefeldin A, which causes the accumulation
of newly synthesized proteins in the endoplasmic reticulum that some of the cells in the neuroepithelium at very early
stages are young radial glia, since cells identi®able with theby blocking their translocation and secretion (Fujiwara et
al., 1988), but does not enhance the internalization of extra- RC1 antibody are distinguishable as early as E9±E10 from
a larger pool of RC1-negative cells (Misson et al., 1988b).cellular protein (Misumi et al., 1986). We adapted acute
organotypic slice methods and short periods of brefeldin A The evidence that RC1 labels radial glia stems from two
observations: (1) RC1 (and RC2) clearly labels cells with thetreatment, which minimize the problems associated with
dissociation and prolonged culture, to help in the identi®- morphology of radial glia in more mature cortex (Edwards
et al., 1990; Gadisseux et al., 1989; Misson et al., 1988a),cation of FN-producing cells. The close correspondence of
FN mRNA and FN-producing cells strongly indicates that and (2) many of the RC1-positive cells in dissociated cortical
cell culture eventually express the glia-speci®c intermedi-the in vitro demonstration of FN production represents a
phenomenon that takes place in vivo. ate ®lament protein GFAP as well; they do not simultane-
ously express RC1 and neuro®lament proteins (Culican etTreatment of the organotypic slice preparation with bref-
eldin A to determine the cell types producing FN is a novel al., 1990). However, these observations do not preclude the
prospect that RC1 might also label bipotential or neuronaluse of this preparation and offers several advantages. The
slice preparation preserves three-dimensional relationships, precursors at an earlier stage. These cell types are not cur-
rently distinguishable from glial precursors by immuno-including the relationship of cells to ECM, which are lost
with dissociation. The brefeldin A treatment is brief (90 labeling. Thus, although cell-type identi®cation in the pro-
liferative neuroepithelium is not as reliable as it is in moremin) and begins an hour after the slice is obtained, thus
substantially reducing the time available for inducing syn- mature cells, at least some of the cells present just before
preplate formation are presumably radial glia. The observa-thesis that does not occur in vivo. Since the architecture of
the cortex is preserved, FN-producing cells can be identi®ed tion that punctate extracellular immunolabeling for FN per-
sists on the processes of more mature radial glia where theyboth by cell-type-speci®c antibodies and by cell location.
In separate experiments, we ®nd that similarly prepared pass through the preplate and its derivatives (Sheppard et
al., 1991) suggests that radial glia produce this FN and trans-slices maintain cell division, cell migration, and normal
morphology for at least 72 hr (Brunstrom, Sheppard, and port it to their processes. This suggestion is supported by
the observation that RC1-positive cells are capable of FNPearlman, unpublished observations).
Despite its advantages, the slice preparation did not en- production in vitro.
Levels of messenger RNA for FN remain high in the corti-able a clear determination of the cell type(s) responsible for
early production of FN in the proliferating neuroepithelium. cal ventricular zone until E18, when neurogenesis is com-
plete (Caviness, 1982). It is of interest that another ECMThe method depends on the action of brefeldin A in dis-
rupting transit of proteins through the Golgi apparatus, component, a hyaluronin binding protein that is speci®c to
the central nervous system, is expressed in the ventricularcausing proteins to accumulate in the endoplasmic reticu-
lum. If FN production in the ventricular zone is slower than zone late in development, during the period of active glio-
genesis that follows neuron production (Jaworski et al.,in migrating neurons, FN will not accumulate to detectable
levels in a brief period of brefeldin A treatment. Alterna- 1995).
tively, FN will not accumulate in cells in the ventricular
zone if they are producing a splice variant (Schwarzbauer, FN Production by Migrating Neurons1991) that is transported by a brefeldin A-insensitive path-
way (Low et al., 1992). Differential targeting of FN splice The demonstration that FN immunolabeling is associated
with preplate/subplate/marginal zone neurons (Chun andvariants occurs in the polarized epithelium of the lung air-
ways, where FN containing the EIIIA domain is targeted for Shatz, 1988; Sheppard et al., 1991; Stewart and Pearlman,
1987) and is markedly diminished by subplate ablationssecretion apically, whereas FN lacking EIIIA is not (Wang
et al., 1991). The cDNA used to generate the probe for our (Chun and Shatz, 1988) led to the suggestion that these cells
may be producing FN (Chun and Shatz, 1988; Sheppard etin situ hybridization presumably detects all FN isoforms
and does not distinguish splice variants, since it codes for a al., 1991; Stewart and Pearlman, 1987). The present study
does not support this suggestion. We ®nd no evidence forportion of the invariant amino-terminal end of the molecule
(Kornblihtt et al., 1985) rather than the carboxy-terminal FN mRNA expression or protein production by the slice
assay in the preplate, subplate, or marginal zone. Thus, ifregion that is subject to alternative splicing (Hynes, 1990).
subplate cells produce FN, they would have to do so with
mRNA levels that are below the detection capabilities ofFN Production in the Proliferative our in situ hybridization and would have to be producing a
Neuroepithelium form of FN that is not brefeldin sensitive. Alternatively,
the association of FN and other ECM components withThe high levels of FN mRNA in the ventricular zone prior
to preplate formation indicate that cells in this region are preplate/subplate/marginal zone cells may come about be-
cause these cells facilitate ECM assembly as one of theirproducing the FN that is demonstrable by immunohisto-
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several important roles in cortical development (De Carlos Sheppard et al., 1991) are not evident in association with
FN-producing migratory neurons. The absence of immuno-and O'Leary, 1992; Ghosh et al., 1990; Ghosh and Shatz,
1992; McConnell et al., 1989). Ablation of subplate cells labeling for neuronal FN suggests that it is either produced
at low levels or is only transiently present on the cell surface(Chun and Shatz, 1988) would therefore result in local loss
of FN immunoreactivity. The lack of production of FN by and therefore escapes detection by immunolabeling.
A number of molecular markers have recently been de-preplate neurons may relate to the observation that these
cells may achieve their position by nuclear translocation scribed that distinguish various regions of the telencepha-
lon from one another (Arimatsu et al., 1992; Cohen-Tan-rather than glial-guided migration (Brittis et al., 1995). The
®rst cortical plate neurons, which will form layer 6, also noudji et al., 1994; LaMantia et al., 1993; Rubenstein et al.,
1994; Tole and Patterson, 1995; Zacco et al., 1990). How-show no indication of FN production; whether they undergo
nuclear translocation rather than migration remains to be ever, FN production by neurons is the ®rst molecular
marker to distinguish neocortex and the closely related per-determined.
While there is substantial evidence that glia produce FN irhinal and insular cortex from other cortical domains and
from noncortical structures. FN production is also veryand other ECM components in culture (Ard and Bunge,
1988; Gallo and Bertolotto, 1990; Kavinsky and Garber, prominent in the subiculum, the distinct zone of medial
limbic cortex that projects heavily to neocortex (Amaral1979; Liesi et al., 1983, 1986; Price and Hynes, 1985; present
study), and that neurons produce molecules in vivo that and Witter, 1995). Since production of FN by migrating neu-
rons is restricted to neurons migrating to particular corticalmay be components of extra- or pericellular matrices
(Aquino et al., 1984a,b; Dong and Chung, 1991; Guimares domains, we propose that FN may play a role in pathway
selection by migrating neurons.et al., 1990; Hagg et al., 1989; Sarthy and Fu, 1990; Smal-
heiser and Crain, 1978; Yamamoto et al., 1988; Zhou, 1990), The boundaries between cortical domains that receive
FN-producing neurons and those that do not are very sharp,there is very little prior evidence that FN is synthesized by
neurons. FN production by a neuroblastoma cell line has as exempli®ed by the boundary between perirhinal and ol-
factory cortex and between subiculum and retrosplenial cor-been reported (Alitalo et al., 1980). Nuclease protection
assays have demonstrated FN mRNA in the brains of late tex (Figs. 2±4). Radial glial processes that run from the ven-
tricle to the lateral neo- and perirhinal cortex form a bundleembryonic and adult rats (Pagani et al., 1991), but this
method does not provide evidence on the identity of the that will eventually course immediately adjacent to another
set of processes running from ventricle to olfactory cortexproducing cells, which could include cells of blood vessels.
FN mRNA has been demonstrated by in situ hybridization (Edwards et al., 1990; Misson et al., 1988a). Since migrating
neurons are capable of moving from one glial process toin the caudal neural tube and the cerebellum of chick em-
bryos (ffrench-Constant and Hynes, 1989), but labeling was another during the course of their migration (Rakic et al.,
1974), molecular signaling between glial processes and mi-sparse in these locations, and the producing cells could not
be identi®ed. The present investigation is thus the ®rst grating cells presumably determines pathway selection. We
suggest that FN may be a part of that signaling mechanism.to demonstrate FN production by neurons in primary cul-
ture and to provide evidence that a population of neurons It remains to be determined whether astrotactin, which has
a demonstrable role in neuron±glia interaction during mi-produces FN during development of the central nervous
system. gration (Fishell and Hatten, 1991), and the D4 antigen,
which is appropriately positioned for such a role (CameronThe production of FN by migrating cortical neurons sug-
gests that this important ECM glycoprotein might have a and Rakic, 1994), also have regional variations in expression
or whether they are part of a more universal migratoryrole in their migration. In several systems, including the
migration of neural crest cells, migration has been shown mechanism (Hatten, 1990). It is also of interest that despite
the evidence for dispersion of the progeny of individual pro-to involve FN and other ECM components in the migratory
substrate and integrins in the plasma membrane of the mi- genitor cells (Grove et al., 1992; Walsh and Cepko, 1992)
the regional fate of neurons, as judged by FN productiongrating cell. Although FN is deposited in the migratory
tracks of ®broblasts and other cells in tissue culture (Hynes, during migration, is determined prior to their arrival in the
cortical plate.1990), there has been very little investigation of the role of
the FN produced by migrating cells in their own migration. In summary, we have demonstrated two spatially and
temporally distinct episodes of FN mRNA expression inThere is some evidence that a few of the earliest neural
crest cells to migrate produce FN (Newgreen and Thiery, early cortical development. In the ®rst, when punctate ag-
gregates of FN accumulate between the cells of the ventric-1980); it is thought that it becomes a part of the ECM in
the substrate, as does the FN produced by ®broblasts in ular zone and along the processes of radial glia (Sheppard et
al., 1991), FN mRNA is expressed deep in the ventriculartissue culture (Hynes, 1990). The FN produced by neurons
as they migrate into and through the cortical plate does not zone throughout the telencephalic vesicle. Although we
have not de®nitively determined the cellular source of thisappear to be incorporated into the ECM of the substrate
since extracellular accumulations of FN immunolabeling FN, our evidence suggests that radial glia produce it. The
spatial and temporal distribution of FN in the neuroepithel-similar to those present in the preplate/subplate/marginal
zone (Stewart and Pearlman, 1987; Chun and Shatz, 1988; ium is appropriate for a component of the local environment
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ship to differentiation and to neurite growth. J. Neurosci. 8,involved in neuronal fate determination (McConnell and
2844±2858.Kaznowski, 1991). At later stages FN is produced by neurons
Arimatsu, Y., Miyamoto, M., Nihonmatsu, I., Hirata, K., Uratani,as they migrate into speci®c cortical domains and form lay-
Y., Hatanaka, Y., and Takiguchi-Hayashi, K. (1992). Early arealers; it does not accumulate in detectable aggregates, sug-
speci®cation for a molecular neuronal phenotype in the rat neo-gesting that it may be a different isoform of FN. Our obser-
cortex. Proc. Natl. Acad. Sci. USA 89, 8879±8883.
vations suggest three testable hypotheses regarding the FN
Avnur, Z., and Geiger, B. (1981). The removal of extracellular ®-
produced by neurons: (i) FN may play a role in the transient bronectin from areas of cell substrate contact. Cell 25, 121±132.
attachments of migrating neurons to radial glia that under- Bayer, S. A., and Altman, J. (1991). ``Neocortical Development.''
lie migration (Edmondson and Hatten, 1987; Gregory et al., Raven Press, New York.
1988); (ii) FN may aid in the selection of radial glial path- Brittis, P. A., Meiri, K., Dent, E., and Silver, J. (1995). The earliest
ways that lead to speci®c cortical regions; and (iii) FN may pattern of neuronal differentiation and migration in the mamma-
facilitate the interactions between neurons as they form lian central nervous system. Exp. Neurol. 133, 1±13.
cortical layers within these regions. Broekelmann, T. J., Limper, A. H., Colby, T. V., and McDonald,
J. A. (1991). Transforming growth factor b1 is present at sites of
extracellular matrix gene expression in human pulmonary ®bro-
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